The gliding movements of Mycoplasma sp. nov. strain 163K cells were characterized by photomicrographic and microcinematographic studies. The capability of gliding proved to be a very stable property of strain 163K.
Gliding motility has been observed in several groups of microorganisms (reviewed in references 6, 10, and 16), comprising the phototrophic cyanobacteria and related apochlorotic organisms, the facultatively phototrophic Chloroflexaceae, the myxobacteria, the Cytophaga-like bacteria, and the mycoplasmas.
Five species of mycoplasmas are known to show gliding motility: Mycoplasma pneumoniae, Mycoplasma pulmonis, Mycoplasma gallisepticum, Mycoplasma genitalium, and the recently discovered new species Mycoplasma sp. nov. strain 163K, which has been isolated from the gills of a freshwater fish (11) . The gliding movements of M. pneumoniae have been well characterized (2) (3) (4) (5) (6) (7) (8) (9) 15) , and several investigations exist on the motility of M. pulmonis (1, 9, 13, 14) . There are also experimental data on the gliding movements of M. gallisepticum (3, 5; T. Erdmann, M.D. thesis, Johannes Gutenberg Universitat, Mainz, Federal Republic of Germany, 1976) and M. genitalium (17) .
In a previous communication we briefly reported on the motile behavior of Mycoplasma sp. nov. strain 163K (11) . The present paper describes the gliding movements of this mycoplasma in more detail by using photomicrographic and microcinematographic techniques.
MATERUILS AND METHODS Mycoplasma. Mycoplasma sp. nov. strain 163K has been isolated from the gills of a tench (Tinca tinca L.) on modified Hayflick medium under aerobic conditions at 25°C (11) . This strain shows the characteristic features of mycoplasmas. In addition, it is flask shaped with a distinct headlike structure and is able to attach to inert surfaces and living cells. The most interesting property of this organism is its ability for fast gliding motion which can be observed in a simple dark-field preparation or by phase-contrast microscopy.
Cultivation. Mycoplasma sp. nov. strain 163K was cultivated in the following media. Medium 1 contained PPLO * Corresponding author. broth (Difco Laboratories, Detroit, Mich.), 16.8 g; distilled water, 800.0 ml; horse serum, 177.5 ml; fresh yeast extract (50%, wt/vol), 9 .0 ml; DNA solution (Difco), 9.0 ml; penicillin-thallium acetate solution (200,000 IU of penicillin G per ml, 1.25% [wt/vol] thallium acetate), 9.0 ml; pH 7.6; osmolality, 261 mosmol/kg of H20. Solid medium was prepared by replacement of the PPLO broth with 28 g of PPLO agar (Difco). Medium 2 had the same composition as medium 1, except the horse serum was replaced by bovine serum; osmolality, 283 mosmol/kg of H20. Medium 3 had the same composition as medium 2 with the addition of 0.1% (wt/vol) glucose and 0.002% (wt/vol) phenol red; osmolality, 261 mosmol/kg of H20. Medium 4 contained Hanks balanced salt solution (10x), 32.0 ml; distilled water, 750.0 ml; brain heart infusion (Difco), 5.1 g; swine serum (heated for 30 min at 56°C), 190.0 ml; fresh yeast extract (50%, wt/vol), 19 .0 ml; thallium acetate solution (2.8%, wt/vol), 3.2 ml; Staphcillin (Bristol Laboratories, Syracuse, N.Y.) solution (6.25%, wt/vol), 2.5 ml; bacitracin (Serva, Heidelberg, Federal Republic of Germany) solution (6.25%, wt/vol), 2.5 ml; phenol red solution (1%, wt/vol), 0.8 ml; pH 7.4; osmolality, 280 mosmol/kg of H20. Solid medium was prepared by addition of 0.7% (wt/vol) purified agar (Oxoid Ltd., London, England) and 0.01% (wt/vol) dextran (Sigma Chemical Co., St. Louis, Mo.).
Fluid cultures as well as agar cultures were incubated aerobically at 25°C. Deviations from these conditions are indicated in the presentations of the results.
Viscosity of media. The medium viscosity was varied by the addition of gelatin (15 Microscopic observation. All motility studies were performed by microscopic examination of wet-mount preparations, using dark-field illumination. Wet mounts were prepared by covering a drop of cell suspension on a glass slide with a glass cover slip. Samples of cell suspension were taken directly from the fluid cultures, or from agar plates by rinsing the plates with about 0.5 ml of liquid medium. As a rule, the preparations were examined within 15 min, because the movements of the mycoplasmas became slower during longer time intervals (see Table 1 In the second method, a microcinematographic system, consisting of a Bolex 16-mm camera joined with the Leitz microscope described above and an electronic timer for exposure control, was used to record the movements of individual cells. For these investigations, the standard 15-W microscope lamp was replaced by a high-intensity 200-W CSI short-arc lamp (Osram), and a protective UV blocking filter was inserted prior to the condensor. Microcinematographic pictures were taken on 16-mm Kodachrome 40 movie film (40 ASA) with one-sided perforation using a frequency of 24 frames per s and exposure times of 20 to 60 s. The films were analyzed by projecting single frames on a Plexiglas screen (21 by 28 cm), using a film projector with single-frame projection (KEM Elektronik Mechanik, Hamburg, Federal Republic of Germany). For evaluation, the displacement of cells was measured from tracings of stationary single-frame pictures on transparent plastic sheets mounted on the screen. Tracings were made by marking the position of a given cell in every 20th frame picture and were verified by repeated playback. The resulting motility paths were visualized by connecting the marked dots with straight lines (see Fig. 5 ). To determine velocities, the distances between two successive dots on the sheets were measured, and the real distances in micrometers which were covered by the mycoplasmas in 0.833 s were calculated. From the distances and the time intervals obtained, the following data for each individual mycoplasma cell were calculated (see Fig. 5 and 6 ): the total distance covered, the total observation time, the minimum speed (vmin), the maximum speed (vmax), and the average speed (Vavg)
Statistical tests. Results of motility measurements were examined for significant differences by analysis of variance by the method of Tukey (18) . normal type. The trembling and tumbling movements were characterized by frequent changes of direction as well as by short-term periods with reduced speed. The resulting tracks in negative prints of dark-field photomicrographs were zigzag, showing dark points at irregular intervals (Fig. 3) . This behavior was observed under nonsufficient conditions, for example, in highly viscous media and in the presence of high concentrations of homologous antiserum.
RESULTS

Gliding motility is
Cells glide individually or in close proximity to each other, either as pairs or as multicellular wandering groups in which temporary intercellular associations are prevalent. In gliding pairs cells were parallel aligned, so that the photomicrographically recorded pathways appeared as double tracks (Fig. 4) , showing the same irregular pattern as the tracks of single cells. In most of the cases, the two cells gliding together joined at an angle below 180°and separated from each other at an angle of 180°. Multicellular wandering groups were observed in dense cell populations with a high likelihood of cellular interactions. In such wandering groups, side-to-side and proximal-to-distal-end contacts between adjacent cells predominated.
The two methods used for cell velocity determinations yielded similar results for comparable observation times, indicating that Mycoplasma sp. nov. strain 163K attains the highest speed values among the gliding mycoplasmas (Table  2) . However, the gliding speed of individual cells of strain 163K differs, even under the same conditions. The average speed values of individual cells under adequate conditions, determined by measuring the lengths of photomicrographically recorded motility tracks, varied between 1.54 and 4.64 p.m/s (Table 1) . These speeds compared well with the values calculated from the microcinematographic measurements, which ranged from 1.72 to 4.44 ,um/s (Fig. 5, and see Fig.   7B ). Observation times of more than 50 s were not applied, because the chance of individual cells to leave the exposure field increased and because the mycoplasmas were sensitive to high-intensity light from the microscope lamp, which decreased the motility after longer observation times. The microcinematographic data demonstrated that the cells exhibit frequent changes of speed during movement (Fig. 5, 6 , and 7A), varying between 0.68 (minimum) and 7.66 p.m/s (maximum speed value). These values were calculated for short intervals (0.83 s). There was no relationship between the fluctuation of the speed and changes in the path curvature. The speed was not constant even in straight runs. This discontinuity of the gliding velocity is also visible in negative prints of dark-field photomicrographs, in which the motility J. BACTERIOL. tracks appear gray on a light background ( Fig. 1 through 4) . Velocity changes along the tracks are recognizable by different shades of gray (dark gray corresponds with low speed; light gray corresponds with high speed).
As noted above, both methods gave very similar values for speed of gliding. Therefore, the more simple photomicrographic motility track technique was used for all further motility studies.
The movement patterns of the mycoplasma cells in low passages (passage 9) and high passages (passage 69) were identical, but the average velocity values (Table 2) of 2.95 ,um/s (passage 9) and 2.61 ,um/s (passage 69) turned out to be significantly different (P < 0.01).
The incubation time influenced motility significantly (P < 0.01). During the first 48 h of incubation, the number of motile cells and the gliding velocity increased. After 48 h the movements became increasingly slower with increasing incubation time (Table 2) . After 120 h most of the organisms were nonmotile, and the remaining moving cells showed a mean velocity of only 0.31 ,um/s. In comparison with the 24-h-old culture exhibiting a mean cell velocity of 2.37 p.m/s, this was a reduction to 13%.
Other factors affecting movement were the observation time and the number of mycoplasmas in the preparation. The organisms became slower with increasing age of the wetmount preparation (Table 2 ) and with increasing density of the cell population.
No striking differences in the motile behavior were observed when the cells were cultivated in different media. Slight differences in the average speed could not be verified as significant because of the inadequate numbers of data within the individual experiment (Table 3) .
Changes in the medium viscosity affected movement significantly. In higher viscosities, the motility tracks became zigzag (Fig. 3) , and the average velocity (Table 3) decreased significantly (P < 0.01) from 2.84 (without gelatin) to 2.20 (3% gelatin) and 1.48 ,um/s (5% gelatin).
The movement pattern as well as the gliding velocity were strongly affected by the temperature, indicating the presence of a thermal response in Mycoplasma sp. nov. strain 163K. After temporary storage at low (-20°C, 4°C) and high (37°C) temperatures, the cells tended to move in narrow circles (Fig. 2) . This movement pattern returned completely to the normal type (Fig. 1) during incubation at 25C for 1 to 3 immobilized (table 4) . In contrast to the inhibiting influence of the high temperature (37°C), the effect of the low temperature (4°C) was reversible. Incubation at 25°C restored motility to normal levels after 1 h, whereas heat-treated cells (2 h at 37°C) never resumed their initial speed. The temperature shift from 4 to 25°C even seemed to have a transient stimulating effect. It induced a temporary increase of the mean velocity from 0.18 to 3.59 ptm/s before reaching the normal value of 2.85 ,um/s after 1 h (Table 4 ).
In the presence of homologous antibodies (Table 5 , Fig.  8 ), the glidinig motility of strain 163K was significantly affected (P < 0.01). The degree of inhibition depended on the antiserum concentration.
DISCUSSION
Mycoplasma sp. nov. strain 163K is the most interesting organism among the gliding mycoplasmas. With respect to its motility, it is much more efficient than the other gliding mycoplasmas. Strain 163K glides much faster than the other gliding mycoplasmas, and its movement is not interrupted by resting periods. Cells of Mycoplasma sp. nov. strain 163K are able to glide individually or in groups ranging from pairs aration at room temperature, using cell suspensions in common liquid culture medium or buffer, whereas demonstration of the movements of the other gliding mycoplasmas requires heated observation chambers, increased medium viscosity, and time-lapse microcinematography. In contrast to M. pulmonis, which is able to glide in low passages only (1, 9, 13, 14) , Mycoplasma sp. nov. strain 163K did not lose its ability to glide during 69 passages on artificial medium.
Gliding occurs on glass and plastic surfaces and is dependent on the chemical and physical properties of the surrounding medium and on the morphological and physiological state of the organisms. Under adequate culture conditions (suitable medium and temperature), organisms show linear and circular movements lasting for several hours and, occasionally, even for some days. Under inappropriate culture conditions, organisms change their motile behavior, showing a motility pattern with typical zigzag or narrowcircle courses. Zigzag movement with frequent directional changes is probably the result of a reduced surface adherence. The distal portion of the organisms loses its contact with the surface and oscillates free in the medium so that the cells seem to glide only with their headlike structure. In contrast, during normal gliding in linear and circular courses, organisms seem to adhere with their whole body surface that faces the glass or plastic surface.
The ability to glide in pairs and in multicellular groups requires contact between the adjacent cells. This contact does not seem to be very close, however, for otherwise gliding pairs would not have produced double tracks on the photomicrographs during long exposure times. The distinct distance between the two parallel tracks can be due to a transparent mucus layer between the adjacent cells. Cell cohesion seems to be stronger between the distal ends of the organisms than between the headlike structures. This difference in cohesiveness could be demonstrated when the cell pairs separated. Organisms always dissociated first with their headlike structures. In many cases they remained in contact for a short time with their distal ends before moving away as individuals in opposite directions. Occasionally, elastic viscous connections between the separating distal ends of the cells could be observed, which became thinner and longer and which finally disconnected.
The gliding motility of strain 163K is a very stable property. This was indicated by only a slight decrease of velocity during 69 in vitro passages. The dependence of gliding motility on culture age, as shown by increasing speed reduction with increasing incubation time, suggests that the ability to move is correlated with the metabolic activity of the cells. The movements of Mycoplasma sp. nov. strain 163K are fast and constant during the logarithmic growth phase and start to decrease at the beginning of the stationary phase. This could be demonstrated by comparing velocity values with the growth curve (unpublished data). The composition of the medium does not seem to have an essential influence on motility, provided that it warrants good growth and a sufficient rate of energy supply in the cells. With respect to the viscosity of the medium, there is a general difference between strain 163K and three of the four other gliding mycoplasmas. For M. pneumoniae (15) , M. gallisepticum (Erdmann, thesis), and M. genitalium (17) , an increase of medium viscosity by the addition of gelatin is the precondition for gliding movement, whereas the motility of strain 163K will be reduced significantly under such conditions.
The reduction of gliding velocity during the time of observation (i.e., with increasing age of the wet-mount preparation) seems to be correlated with deterioration of life conditions for the mycoplasmas and to be the result of a deficiency of nutrients, the inhibiting influence of high-intensity light from the microscope lamp, and the change in environmental conditions by evaporation. As observed in other investigations on the motility of gliding mycoplasmas (reviewed in reference 6), optimal motility with highest velocities occurs only under optimal life conditions.
Organisms of strain 163K die at 37°C after an incubation time of 7 h. However, before they die, they pass through a period in which they even multiply. This is visible from the growth curve at 37°C (unpublished data). On the other hand, gliding movement is already irreversibly reduced after an incubation time of 2 h at 37°C, i.e., in a period in which cells still multiply. From this it can be concluded that at least a part of the components responsible for gliding movement are more sensitive to heat than the whole cell. The reversible reduction of the gliding velocity at 4°C is obviously the result of a reduced metabolic activity.
The inhibition of movement by homologous antiserum suggests that surface components are involved in the gliding process of strain 163K.
As for the other gliding mycoplasmas, the mechanism of the gliding motility of strain 163K is still unknown. The present investigations give some suggestions about the components which could be involved in the gliding process. At least some of the structures which enable the organisms to glide are localized at the surface of the mycoplasma cell (inhibition of movement by homologous antiserum) and are sensitive to heat (irreversible reduction of movement by storage at 37°C). Cell motility can be stimulated in the presence of a time-dependent temperature gradient. Gliding motility is limited to cells with metabolic activity, and finally, gliding motility is an extremely stable property, indicating that it is probably encoded by several cistrons. One can assume that because of its genetic stability, gliding motility is an ability which is important for life and survival of the organisms under natural conditions. LITERATURE CITED
